The present study was conducted to apply an interspecies germ cell transfer technique to wild bird reproduction. Pheasant (Phasianus colchicus) primordial germ cells (PGCs) retrieved from the gonads of 7-day-old embryos were transferred to the bloodstream of 2.5-day-old chicken (Gallus gallus) embryos. Pheasant-to-chicken germline chimeras hatched from the recipient embryos, and 10 pheasants were derived from testcross reproduction of the male chimeras with female pheasants. Gonadal migration of the transferred PGCs, their involvement in spermatogenesis, and production of chimeric semen were confirmed. The phenotype of pheasant progenies derived from the interspecies transfer was identical to that of wild pheasants. The average efficiency of reproduction estimated from the percentage of pheasants to total progenies was 17.5%. In conclusion, interspecies germ cell transfer into a developing embryo can be used for wild bird reproduction, and this reproductive technology may be applicable in conserving endangered bird species.
INTRODUCTION
Germline chimeras have been produced in domestic fowl by homologous germ cell transfer into embryos [1] [2] [3] [4] , which uses both the plasticity of germ cells to differentiate into functional gametes [5] [6] [7] and the unique route of avian germ cell migration through the bloodstream [8] . This technique was subsequently applied for producing transgenic birds. Recently, the transgenic quail were successfully generated by transfer of genetically modified primordial germ cells (PGCs) [9] . Based on these successes, we postulate that a germ cell-mediated, germline transmission technique can be used for conserving wild or endangered birds. In fact, the somatic cell nuclear transfer technique that has been used for conserving endangered mammals [10] [11] [12] [13] [14] [15] [16] is not applicable for birds because of physiological difference between the two. Therefore, we have attempted to develop an interspecies germ cell transfer technique for the reproduction of wild or endangered birds.
Through the present study, we attempted to establish an alternative reproductive system of interspecies germ cell transfer, in which PGCs retrieved from pheasant embryos were transferred into White Leghorn (WL) chicken embryos. Reproduction of pheasants was accomplished by testcross reproduction of sexually mature, male hatchlings with female pheasants.
MATERIALS AND METHODS

General Experimental Procedure
The general procedure of interspecies germ cell transfer into embryos was a modification of that described by Park et al. [2] , and a schematic diagram of the procedure is shown in Figure 1 . Briefly, pheasant gonadal cells were retrieved from 7-day-old embryos, and the PGC population in the gonadal cells were enriched by magnetic activated cell sorting (MACS). The gonadal cells were subsequently transferred to the dorsal aorta of 2.5-day-old chicken embryos, and the recipient embryos were incubated for hatching. Gonadal migration of pheasant PGCs into chicken embryos was evaluated after transfer. The hatchlings of the recipient embryos were maintained until sexual maturation, and semen ejaculated from mature male progenies (putative chimeras) was used for artificial insemination of female pheasants. Chimerism in the semen and derivation of pheasants following testcross reproduction using chimeric semen were subsequently evaluated to confirm reproductive efficiency of the interspecies germ cell transfer.
Experimental Animals and Animal Care
Embryos of Korean ring-necked pheasants (Phasianus colchicus) and WL chickens (Gallus gallus) were used as the PGC donors and recipients, respectively. The animals were maintained at the University Animal Farm, Seoul National University, Korea, using our standard management program. The procedures used for animal management, reproduction, and embryo manipulation followed the standard operating protocol of our laboratory.
Sex Determination of Donors and Retrieval of Gonadal Cells
The sex of each donor embryo was determined before PGC transfer via PCR using a nonrepetitive DNA sequence on the W chromosome [17] . Embryonic blood cells (1 ll) were collected once from the dorsal aorta of 3-to 6-day-old embryos through the egg shell window. Each blood sample was diluted 100-fold in 13 PBS and then boiled for 5 min at 998C before being used for PCR. The Psex primer pair designed for sex determination in birds [17] was used to amplify the 396-bp fragment. After the collection, the window of the egg was sealed with parafilm. The egg was subsequently incubated before PGC collection at 388C in an air atmosphere with 60% humidity. Seven-day-old embryos were freed from the yolk by rinsing in calcium-and magnesium-free PBS, and embryonic gonads were retrieved through the abdomen under a stereomicroscope using a pair of sharp forceps. Gonadal tissues were dissociated via gentle pipetting in a 0.05% (v/v) trypsin solution supplemented with 0.53 mM EDTA. The collected cells were then washed by centrifugation at 200 3 g for 5 min in a buffer solution consisting of PBS supplemented with 0.5% (v/v) BSA and 2 mM EDTA.
QCR1 Staining and MACS
To detect pheasant PGCs, we employed the QCR1 antibody, for which reactivity to pheasant was confirmed in our previous study [18] . One million gonadal cells were labeled with QCR1 of mouse immunoglobulin (Ig) G isotype [19] for 20 min at a room temperature of 20-258C and washed with the buffer solution. The cells were then placed in 100 ll of buffer solution supplemented with 20 ll of goat anti-mouse IgG microbeads for 15 min at 48C. After the treatment, 500 ll of buffer solution were carefully added to the labeled cells, and MACS was conducted to increase the PGC population. The procedure of MACS was conducted according to the procedures by Kim et al. [20] , and before and after MACS, the number of PGCs in the gonadal cell suspension was counted with a peroxidase LSAB1 kit (Dako). It was confirmed that MACS increased the proportion of PGCs to total gonadal cell number up to 28-34% (supplementary experiment; data not shown).
Transfer of PGCs into Recipient Embryos
To access recipient embryos, a small window was made on the pointed end of the recipient eggs. Approximately 2 ll of cell suspension containing 1.2 3 10 4 MACS-treated cells, containing from 3.6 3 10 3 to 4.0 3 10 3 PGCs, were transferred into the dorsal aorta of 60-h-old (stage-17) embryos. The egg window was sealed with parafilm and subsequently positioned with the pointed end down. Except for an experiment to monitor PGC migration, non-PKH26-labeled, MACS-treated cells were transferred.
Tracing of PGC Migration
To monitor gonadal migration of PGCs after transfer, MACS-treated gonadal cells containing PGCs were labeled with PKH26 fluorescent dye (Sigma-Aldrich Corp.) before transfer. The labeled cells were transferred to recipient embryos, and recipient embryos were subsequently incubated for 4.5 days after the transfer. Migration of PKH-labeled cells containing PGCs was monitored under a fluorescence microscope (IX70; Olympus). To further confirm gonadal migration of donor PGCs, localization of xenotransplanted PGCs in chicken embryonic gonads was immunohistochemically analyzed. Whole gonads retrieved from 7-day-old recipient embryos (4.5 days after transfer) were fixed in paraformaldehyde, and the gonads were subsequently incubated overnight with QCR1 (mouse IgG isotype, diluted 1:100 in 13 PBS and 0.1% Triton X to 5% BSA). After being incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (diluted 1:100), the immunostained gonads were examined under a fluorescence microscope.
Detection of Pheasant Spermatozoa and Their Quantification via Real-Time PCR
The presence of pheasant spermatozoa in the semen of sexually mature hatchlings was monitored. To quantify the number of pheasant spermatozoa derived from donor PGCs, both venous blood and semen were collected from 25-, 30-, 35-, 45-, and 55-wk-old hatchlings. Genomic DNA was extracted using PUREGENE DNA Purification Kit (Gentra Systems, Inc.). Chickenspecific (CSP#1) and pheasant-specific (CYTB [Cyto B], IGLC, and TAPBP [tapasin]; see below) markers were used for the validation. In the case of CYTB, the marker was amplified using universal primers for vertebrate CYTB. The 330-bp amplicon was quantified (Amersham), diluted to 10 pg/ll, and applied as a template for real-time PCR analysis using an iCycler iQ Detection System (Bio-Rad Laboratories). A standard curve was constructed using a series of 10-fold dilutions from 10 pg of the pheasant amplicon (y ¼À3.317x þ 7.940, r ¼ 0.999), and the average copy number relative to the pheasant amplicon was calculated.
Primer Design
The sequences of all primers used for the present study are depicted in Table  1 . Pheasant-specific primers were designed based on sequence differences among cytochrome b (CYTB; GenBank accession nos. AY368060.1 and AF354171), TAPBP (tapasin; GenBank accession nos. AJ004999 and AJ972781), and Ig light-chain constant domain (IGLC) in both pheasants and chickens. The IGLC was cloned via 3 0 -rapid amplification of cDNA ends using two chicken variable domain framework region-specific primers (gene-specific
0 -CAC ATT AAC CAT CAC TGG GGT CC-3 0 ). Their sequences at the 3 0 -end matched the pheasant sequences but not the chicken sequences. Chicken-specific primer (CSP#1) was used as a control [21] .
Progeny Tests
Hatchlings from recipient embryos were maintained for up to 6 months under our standard management program. Semen ejaculated from sexually mature male progenies was used for testcross artificial insemination of female pheasants.
Statistical Analysis
Most numerical data obtained from more than four replications were provided for statistical analysis, and a generalized linear model (PROC-GLM) in a Statistical Analysis System (SAS) program was employed. When a significant model effect was detected, each treatment effect was compared by the least-square method. The level of significance in model effect and pair comparison was P , 0.05.
RESULTS
Production of Germline Chimeras and Progenies by Transferring Donor PGCs
Among 232 recipient WL embryos consisting of 112 females and 120 males (Table 2) , 72.3% of the eggs that Table 3 , the testcross reproduction with four mating combinations (male chimera 3 female chimera, male chimera 3 female WL, male pheasant 3 female chimera, and male chimera 3 female pheasant) produced three types of offspring: pheasant, chicken, or hybrid. Only chicken hatchlings were produced from the male chimera 3 female chimera (1846 of 2148 fertilized eggs; 85.9% hatching rate) and male chimera 3 female WL (2591 of 3270 fertilized eggs; 79.2%) mating combinations. The male pheasant 3 female chimera combination produced one male hybrid, but no pheasant hatchling was derived because of technical difficulties in collecting semen from wild male pheasants. The male chimera 3 female pheasant combination ( Fig. 2A) produced 75 fertilized eggs, with a hatching rate of 76% (57 of 75). Of the 57 hatchlings, 10 were phenotypically normal pheasants (Fig. 2, D-L) , and the remaining 47 were hybrids. Combination of testcross significantly (P , 0.0001) affected the number of eggs fertilized (from 0.6% to 71.8%), hatching rate (from 76% to 100%), and progeny phenotypes (from 0% to 100%).
Of the five male chimeras used for testcross reproduction, three (K#1-2, K#1-6, and K#1-16) yielded pheasant progenies, and all produced hybrid progenies ( Table 4 ). The efficiency of pheasant production by interspecies PGC transfer, which was estimated from the percentage of pheasants to total progenies, was 17.5%, with a range of 0% to 33.3%. A total of 47 hybrid hatchlings similar in size to pheasant hatchlings showed small patches of the phenotypically dominant color of WL chickens (Fig. 2, B and C) . Female pheasant significantly (P , 0.05) influenced the number of eggs fertilized (K#1-2, from 0% to 56.3%; K#1-6, from 9.1% to 57.6%) in some donors of chimeric semen, but no statistically significant difference (P . 0.05) was detected in the rate of hatching within the same donor. In addition, no statistically significant difference (P ¼ 0.0606) was detected in the number of pheasants/progenies hatched among the chimeric semen.
Identification of Pheasant PGCs in the Recipient and Production of Chimeric Semen
Strong signals generated by PKH26-positive pheasant PGCs were detected in the gonads of recipient embryos (Fig. 3, A and  B) . Gonadal migration of xenotransplanted PGCs also was detected with immunostaining of intact (Fig. 3, C and D) or cryosectioned tissue (Fig. 3, E and F) .
Among 59 sexually mature male progenies derived from interspecies PGC transfer (Table 2) , 48 maintaining normal physiological activity were available for testcross reproduction. Eleven hatchlings were excluded from the testcross analysis: Five were dead by suboptimal environmental (e.g., cage change) before the testcross, four were aspermatic because of trauma in the leg, and two produced azoospermic semen. Of those 48 physiologically normal hatchlings, nine that produced nonchimeric semen were not provided for the testcross. Therefore, 39 of 48 hatchlings (81.3%, consisting of 17 female and 22 male PGC donors) produced chimeric semen including pheasant spermatozoa, as confirmed by detection of the CYTB gene, and were subsequently provided for testcross analysis. Five males (K#1-2, K#1-5, K#1-6, K#1-7, and K#1-16) that either reacted consistently with CYTB over three trials or 
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produced large quantities of pheasant spermatozoa were used to confirm chimerism in blood and semen samples. Although the chicken genotype was detected only in blood samples from the germline chimeras that were generated, chimerism was detected in spermatozoa (Fig. 3G ). The population percentage of pheasant spermatozoa was from 0.02% to 9.04% at 25-55 wks of age (Fig. 3H ), but no positive correlation was detected between observation time and sperm population.
DISCUSSION
In the present study, we demonstrate that interspecies PGC transfer into developing embryos, combined with testcross insemination, can be used for wild bird reproduction. Pheasant PGCs xenotransferred into chicken embryos migrated into the gonads and were subsequently involved in heterologous spermatogenesis in recipient embryos. The success of an interspecies germ cell transfer technique will expand its use as   FIG. 2 . Production of pheasants by testcross mating of male germline chimeras with female pheasants (A). Germline chimeras generated by pheasant primordial germ cell (PGC) transfer into chicken embryos and the testcross mating yielded both pheasant (D-L) and hybrid progenies (C). The size of pheasant and hybrid hatchlings was more similar to that of a common pheasant chick than a WL chick (B), and one progeny died immediately after hatching. Chicks were 1 day old (B), 31 days old (C), 25 days old (D), 54 days old (E), 49 days old (F), 43 days old (G-I), 41 days old (J), 37 days old (K), and 35 days old (L). an alternative reproductive technology for conserving endangered birds. Another success was achieved by transferring blastodermal cells of stage X [22] . Use of these techniques helps to overcome the reproductive limitation of wild birds resulting from seasonal reproduction. The results of the testcross consisting of four mating combinations showed that pheasant progenies were obtained only in male chimera 3 female pheasant mating. No other combinations (male chimera 3 female chimera, male chimera 3 female WL, and male pheasant 3 female chimera) generated pheasant progenies (Table 3) . It is highly possible that the efficiency of generating pheasants is extremely low when using chicken or putative chimera as a testcrossed female. Considering physiology in folliculogenesis and ovulation, chimeric PGCs transferred to female recipients may have less chance to become involved in oogenesis of the recipients compared with the PGCs transferred to male recipients. We could not evaluate chimerism in female hatchlings because of technical difficulty. The incidence of chimerism is probably as low as 20% in female hatchlings, however, which is similar to that detected in male progenies, and this further decreased the efficiency in generating pheasants. Moreover, a vaginal barrier against heterologous sperm [23] may exist that either inhibits heterologous spermatozoa or stimulates homologous spermatozoa to pass through the reproductive tract. Undoubtedly, the chances of spermatozoa to survive, fertilize, and develop may be higher in isogenic transfer than in heterogenic transfer into reproductive organs.
In the results of testcross analysis using five male chimeras, the average efficiency of pheasant production was higher than that estimated from quantitative real-time PCR of sperm genomic DNA. This discrepancy might be related, more or less, to the action of species-specific barriers when chimeric spermatozoa pass across the vagina [23] . Preference to pass through the vaginal barrier probably is given to homologous pheasant spermatozoa mixed in chimeric semen. From a different viewpoint, the percentile level of pheasant spermatozoa in chimeric semen may be underestimated. Chicken seminal components and sperm cells contribute to detecting chicken-specific reaction in PCR analysis, whereas pheasant sperm only contributes to detecting the pheasant-specific reaction.
It is important to derive female chimeras for propagating endangered animal species. A technical limitation exists in terms of quickly detecting chimerism in the female compared with detecting chimerism in the male, but it is possible to 
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derive a female chimera by PGC transfer, as suggested in the present study. Technical development on detecting growth of female germ cells and oogenesis can complete the PGC transfer system for conserving wild or endangered animals. On the other hand, testcross of male chimera with female pheasant yielded chimerism of approximately 17% among germline chimeras, whereas use of putative female chimeras did not yield pheasant progenies. Anatomical or physiological abnormalities in the chimeric female probably disturb normal oogenesis or embryogenesis after homologous fertilization. Dysfunction of the reproductive system in chimeras also may be another reason, because the conjunction of interspecies chromatids after fertilization creates a hybrid condition that induces various disorders during organogenesis.
Tagami et al. [24] reported that female PGCs (ZW germ cells) could differentiate into both Z-bearing and W-bearing spermatozoa in the male testis. Concomitantly, however, they assumed that ZW germ cells were restricted at some point during spermatogenesis. Even so, as shown in Table 2 , both male and female progenies were produced by the transfer of pheasant female PGCs into chicken embryos; we did not detect any difference in the sex ratios of progenies derived from the transfer of female PGCs, even between different species (Table  2) . A significant increase in the hatching rate of recipient embryos was detected in the female PGC transfer, whereas sexual maturation was increased in the male PGC transfer. Similar percentages of sexually mature progenies after the PGC transfer also were obtained: 48.2% (54 of 112) of female progenies, and 52.5% (63 of 120) of male progenies. In the interspecies germ cell transfer system, the difference in gender between PGC donor and recipient may not provoke embryo development and growth of hatchlings.
Germline chimeras have continuously generated viable pheasant eggs with a nonseasonal bias, which further strengthens the feasibility of this technique for conserving endangered species. As long as the protocol established can efficiently support the proliferation of germ cells of the desired species, this interspecies germ cell reproduction system can greatly contribute to the reproduction of wild or endangered birds, because these birds can then undertake year-round reproduction instead of seasonal breeding. In fact, use of pheasants for testcross reproduction greatly limited the efficiency of testcross mating in the present study because of irregular reproductive cycle or low production of semen, and we could not increase the number of transfers when using male and female pheasant for testcross reproduction (Table 3) . Use of males as PGC donors greatly improves semen producton, and again, employing a female chimera as a testcrossed counterpart can increase the efficiency of the interspecies germ cell transfer. Further optimization of miscellaneous protocol, such as adjusting light stimulation, also may be able to increase the practicality of this system.
In the present study, we transferred 3600-4000 PGCs into one embryo to produce each chimera. Because a pheasant lays 40-100 eggs during a single breeding season, sufficient PGCs can be retrieved from the pheasant eggs. However, collection of germ cells from wild or endangered birds is greatly restricted because of their limited capacity for egg production. So, development and application of an in vitro culture system for PGCs will help to increase the reproductive competence of wild or endangered birds being subjected to interspecies germ cell transfer. Park et al. [2] reported that the efficacy of germline transmission was improved by in vitro culture of PGCs for up to 10 days. Han et al. [1] also reported that PGCs can be maintained for up to 60 days without changing their germ cell activity.
The International Union for the Conservation of Nature and Natural Resources has estimated that 76% of all organisms are endangered based on a sample of species evaluated in 2006; this list included 1206 avian species (http://www.iucnredlist. org/). We believe that interspecies germline transplantation will be a key technology for the conservation of endangered birds. In the future, this technology also might be adapted for other vertebrates, including mammals, reptiles, amphibians, and fish. However, numerous efforts remain necessary to apply this technique for propagating an endangered species, because we only succeeded in generating the intended species by the combination of a female pheasant and a male chimera. Undoubtedly, using males and females as the donors or recipients of germ cells improves the efficiency of the germ cell-mediated assisted reproduction system. Also, the results of testcross reproduction showed that 90% pheasants were produced from one chimeric male. Batch of chimeric semen tends to influence (P ¼ 0.0606) pheasant production by testcross reproduction, although no significant difference was detected because of small sample size (Table 4) . Technical optimization of the PGC manipulation protocol and elucidation of the failure of pheasant production after testcross reproduction in various combinations will contribute to improving the interspecies transfer system in birds.
